Background and issue
Several studies reported both systematic and random variations of the mean position of moving tumors from fraction to fraction. This baseline shift is a major source of uncertainties and can jeopardize the quality of the treatment.
In conventional photon therapy, tumor-based patient positioning mitigates this effect. However, this strategy remains unsatisfactory in proton therapy, due to the range variation in the shifted patient. An additional PTV margin can help, but it still cannot guarantee robust coverage of the target.
Proposed solution
The best solution for proton therapy would be to account for this uncertainty in a robust optimizer, using for instance population-based estimations of the shifts.
In this study, a baseline shift model has been developed. By generating a local deformation field that moves the tumor on all phases of the planning 4D-CT, our model is able to generate new images that can be used as uncertainty scenarios for a robust optimization and evaluation of the treatment plan.
Baseline shift model
The following workflow is employed to generate the local deformation field automatically from the planning images and contours:
1 The initial deformation field is created using the baseline shift vector.
The shifted tumor is represented by the yellow contour.
2 The normal component is forced to zero near the lung wall in order to allow the tumor to slip within the lung instead of deforming the lung surface. The resulting deformation field is smoothed to provide a progressive transition.
3 The field is cropped in order to keep only a local deformation around the shifted tumor. 4 The final deformation field is smoothed using a certainty map to keep the correct translation inside the tumor and no deformation outside the lung.
Validation and results

Image acquisition:
Two 4D-CT series acquired at one week of interval were used to validate the model. Average CT scans and Mid-Position CT scans (MidP-CT) have been generated from both 4D-CT series. This MidP-CT is an image of the mean position of the anatomy along the breathing cycle. The baseline shift is therefore calculated as the GTV shift in MidP-CT after rigid registration.
Baseline shift simulation:
The proposed model has been used on the first 4D-CT to generate a third 4D-CT series, reproducing the 5.1 mm baseline shift observed in the second acquisition. The difference between average CTs are then compared:
WET comparison:
The computation of water equivalent thickness (WET) in each voxel revealed that the baseline shift between week 1 and week 2 led to a root mean square deviation (RMSD) of 0.34 mm in the GTV. Our model was able to reproduce the same shift and reduced the WET RMSD to 0.08 mm, which validates the method.
WEPL comparison:
The water equivalent path length (WEPL) has been computed in each voxel for a proton beam at 0
• . The WEPL profiles are displayed here below. The overlap between the green curve (week 1) and the blue curve (simulated) demonstrates that the initial CT image is only locally deformed to simulate the baseline shift of week 2 (red curve):
The comparison of week 1 and week 2 provides a WEPL RMSD of 4.1 mm and decreases to 2.2 mm for the simulated and real week 2 average CTs. Since WEPL are more sensitive to global anatomical changes, these results still validate our model.
Conclusions
The proposed model is able to reproduce a baseline shift by moving the tumor mean position in a 4D-CT without creating any non-physical artifact. This model can be used to automatically generate baseline shift scenarios for robust optimization and evaluation of the treatment plans using, for instance, the 4D optimizer of the RayStation TPS. Physics track: Inter-fraction motion management (excl. adaptive radiotherapy)
